GaN nanowires with diameters of 50-250 nm, grown by catalyst-free molecular beam epitaxy, were characterized by photoluminescence ͑PL͒ and cathodoluminescence ͑CL͒ spectroscopy at temperatures from 3 to 297 K. Both as-grown samples and dispersions of the nanowires onto other substrates were examined. The properties of the near-band-edge PL and CL spectra were discussed in Part I of this study by ͓Robins et al. Reshchikov and H. Morkoc, J. Appl. Phys. 97, 061301 ͑2005͔͒. The CL was partially quenched by electron beam irradiation for an extended time; the quenching was stronger for the free and shallow-donor-bound exciton peaks than for the defect-related peaks. The quenching appeared to saturate at high irradiation dose ͑with final intensity Ϸ30% of initial intensity͒ and was reversible on thermal cycling to room temperature. The electron irradiation-induced quenching of the CL is ascribed to charge injection and trapping phenomena.
I. INTRODUCTION
The optical properties of GaN nanowires 1 and related quasi-one-dimensional structures are of great current interest because of the potential applications in light-emitting diodes, 2, 3 laser diodes, 4 and other photonic devices. We have performed a spectroscopic photoluminescence ͑PL͒ and cathodoluminescence ͑CL͒ study of GaN nanowires grown on Si͑111͒ substrates by catalyst-free, nitrogen-plasmaassisted molecular beam epitaxy ͑MBE͒. MBE is an attractive growth technology [5] [6] [7] for GaN-based nanophotonic devices that require material with low impurity and defect content. In a companion article 8 ͑Part I of this study͒, PL and CL peaks in the near-band-edge region were examined, and the line shapes of these peaks were discussed. In this paper ͑Part II͒, PL and CL peaks in the sub-band-gap region ͑ap-proximately 3.15 to 3.45 eV͒ are examined. In addition, the effect of extended electron irradiation on the CL is investigated. Finally, we compare our results with previous PL and CL studies of GaN nanowires, and with a review 9 of defectrelated luminescence in GaN.
II. EXPERIMENTAL PROCEDURE
Procedures for MBE nanowire growth, preparation of dispersed samples ͑consisting of separated individual nanowires, or small clusters, on substrates other than the growth substrate͒, and structural and optical characterization, were described in Part I of this study 8 and previous [10] [11] [12] publications. The samples examined in this study are designated 10, 11 samples B724 and B738. Some key features of the experimental procedure are restated here. PL spectra were obtained with the sample mounted on the cold finger of a variabletemperature liquid-He cryostat, with temperature control from 3 to 297 K. PL was excited by a 325.03 nm ͑3.813 eV͒ HeCd laser, with incident intensity of Ϸ3 ϫ 10 3 W/cm 2 for measurements of the as-grown samples and B724 dispersed on sapphire, and incident intensity of 85 W / cm 2 for measurements of B738 dispersed on sapphire. CL spectra were obtained at Ϸ15 K or 297 K with the sample mounted on a liquid-He cold stage in a LaB 6 filament scanning electron microscope ͑SEM͒. The peak excitation intensity for CL ͑the ratio of excitation power to focused beam spot size͒ was 9 ϫ 10 3 to 3 ϫ 10 4 W/cm 2 , and the time-averaged excitation intensity was 0.19 to 2.4 W / cm 2 . For both PL and CL, the photon energy calibration was established using atomic spectral lines. The energy calibration uncertainty was ±5 ϫ 10 −4 eV for PL, and ±1.6ϫ 10 −5 E 2 eV ͑where E is photon energy in eV͒ for CL.
III. RESULTS
Low-temperature PL and CL spectra from the nanowire samples are plotted in Figs. 1 and 2. PL spectra from an as-grown piece of B724 ͑T = 10 K, short dashes͒, a polished ͑matrix layer+ nanowire roots͒ piece ͑T = 3 K, dash-dotted͒, and a dispersion on sapphire ͑T = 10 K, solid line͒ are shown in Fig. 1͑a͒ . CL spectra taken at Ϸ15 K from an as-grown piece of B724 ͑short dashes͒, a polished piece ͑dash-dotted͒, a dispersion on stainless steel ͑solid line͒, and a dispersion on AlGaAs/GaAs ͑long dashes͒ are shown in Fig. 1͑b͒ . PL spectra from an as-grown piece of B738 ͑T = 10 K, short dashes͒ and a dispersion on sapphire ͑T = 3.7 K, solid line͒ are shown in Fig. 2͑a͒ . CL spectra taken at Ϸ15 K from an as-grown piece of B738 ͑short dashes͒, a dispersion on stainless steel ͑solid line͒, and a dispersion on Si/Ti/Au ͑dash-dotted͒, and a single, straight nanowire from a dispersion on Si/Ti/Au ͑long dashes͒ are shown in Fig. 2͑b͒ . The near-band-edge ͑NBE͒ luminescence peak, indicated by vertical arrows at 3.472 eV in Figs. 1 and 2, is ascribed ͑at low temperature͒ primarily to A excitons bound to neutral, shallow donor impurities, 9 denoted D 0 X A . Properties of the NBE peak were discussed in Part I of this study. Peaks at lower energy than the NBE peak are tentatively ascribed to phonon replicas of the free-exciton transitions ͑designated FE-1LO, FE-2LO, and FE-3LO͒, and to defectrelated "Y lines" that were previously reported in GaN films 9 or nanowires. 5 The defect-related lines in the nanowires in this study are designated by lower-case symbols, y 1 to y 4 , to indicate a tentative correlation with the Y 1 to Y 4 lines previously reported in the literature. It should be pointed out that, in PL spectra of single nanowires with good morphology 13 ͑straight, unbranched wires of uniform diameter͒, the onephonon to three-phonon replica lines were observed, but y lines were not observed.
According to Ref. 9 , each of the Y 1 to Y 4 lines ͑or "groups"͒ consist of two components ͑or "subgroups"͒ separated by Ϸ0.01 eV, which are labeled by single-prime ͑ Ј ͒ and double-prime ͑ Љ ͒ symbols in order of increasing energy ͑e.g., the Y 1 group consists of the Y 1 Ј subgroup at 3.45 eV and the Y 1 Љ subgroup at 3.46 eV͒. We adapt the convention of labeling the y lines in the nanowires with ͑ Ј ͒ or ͑ Љ ͒ symbols, where possible, to indicate correlation with the lower-energy or higher-energy subgroups. In Figs. 1 and 2, each peak is marked by a vertical arrow, and labeled with the estimated peak energy and designation: e.g., NBE for near-band-edge, FE-1LO for the free-exciton one-phonon replica, y 1 Ј for a defect-related peak.
The NBE peak is seen to be the most intense component of the PL and CL spectra of all as-grown or dispersed samples. On the other hand, broad sub-band-gap ͑3.2-3.45 eV͒ peaks are the most intense components of the spectra of the polished piece of B724 ͓shown in Figs. 1͑a͒ and 1͑b͔͒. In addition, the intensity ratios of the sub-band-gap peaks to the NBE peak are larger in the as-grown samples, which contain both nanowires and matrix layer, than in the dispersed samples, which contain primarily the upper portions of the FIG. 1. Low-temperature PL and CL spectra of as-grown, dispersed, and polished pieces of sample B724. The near-band-edge ͑NBE͒ peak at Ϸ3.472 eV and several lower-energy peaks are indicated by vertical arrows. Each peak is labeled by name and estimated energy. ͑a͒ PL spectra of asgrown piece at T =10 K ͑short dashes͒, dispersed nanowires on sapphire at 10 K ͑solid line͒, and polished ͑matrix layer+ nanowire roots͒ piece at 3 K ͑dash-dotted͒. ͑b͒ CL spectra ͑at T Ϸ 15 K͒ of as-grown piece ͑short dashes͒, dispersed nanowires on stainless steel ͑solid line͒, dispersed nanowires on AlGaAs ͑long dashes͒, and polished piece ͑dash-dotted͒. The CL intensities for the dispersed nanowires on stainless steel and on AlGaAs were multiplied by factors of 10 and 2, respectively, for ease of comparison.
FIG. 2.
Low-temperature PL and CL spectra of as-grown and dispersed pieces of sample B738. The near-band-edge ͑NBE͒ peak at Ϸ3.472 eV and several lower-energy peaks are indicated by vertical arrows. Each peak is labeled by name and estimated energy ͑in eV͒. ͑a͒ PL spectra ͑at T =10 K͒ of as-grown piece ͑short dashes͒ and dispersed nanowires on sapphire ͑solid line͒. ͑b͒ CL spectra ͑at T Ϸ 15 K͒ of as-grown piece ͑short dashes͒, dispersed nanowires on stainless steel ͑solid line͒, and dispersed nanowires on Si/Ti/Au ͑dash-dotted͒. The CL intensities for the dispersed nanowires on stainless steel and on Si/Ti/Au were multiplied by factors of 62.5 and 100, respectively, for ease of comparison.
nanowires. The latter observation is not surprising, because the of the dominant contribution of the sub-band-gap peaks in the PL and CL spectra of the matrix layer ͑seen in the polished piece of B724͒.
Some additional observations about the sub-band-gap peaks are as follows. The free-exciton phonon replica peaks are stronger in CL than PL, and are particularly wellresolved in the CL spectra of the as-grown piece and dispersed on Si/Ti/Au piece of sample B738 ͓Fig. 2͑b͔͒. The y 2 Љ peak is the most intense defect-related peak, and occurs in both PL and CL spectra. Weak y 3 group peaks occur in PL spectra, but are not observed ͑or not resolved from the background͒ in CL. Weak y 4 group peaks occur in PL spectra, and in CL spectra of sample B738 ͑see the discussion of electron irradiation effects͒.
The energies of the sub-band-gap ͑3.15 to 3.45 eV͒ peaks in the GaN nanowires in this study, and related lines previously observed in GaN films, are listed in Table I . The first column of Table I shows the names and emission energies of the peaks in the nanowires; the second column shows lines ascribed to free or shallow-donor-bound exciton transitions in films ͑from Table I , although only peaks correlated with Y 1 to Y 4 were identified in the nanowires. The fourth column gives tentative structural models for the Y lines, as discussed in Ref. 9 .
The broad "blue" and "yellow" luminescence bands ͑at lower emission energies than displayed in Figs. 1 and 2͒, which have been observed 9 in many thin-film and bulklike GaN samples, were not detectable in PL spectra of single, straight nanowires from the dispersed pieces of B724 and B738. For PL measurements that included the visible spectral range, the excitation intensity was approximately 400 W / cm 2 , and the ratio of the noise level to the intensity of the NBE peak was approximately 5 ϫ 10 −4 to 10 −3 . In several CL measurements of dispersed pieces in the 2.6 to 3.6 eV range, with peak excitation intensity of 9 ϫ 10 3 to 3 ϫ 10 4 W/cm 2 and time-averaged ͑over the raster scan period͒ excitation intensity of 0.19 to 2.4 W / cm 2 , a weak "blue" band was observed at Ϸ2.9 eV, with intensity ratio to the NBE peak of 2 ϫ 10 −3 to 4 ϫ 10 −3 . The CL spectra in this study were taken from relatively large sample areas, at least 50ϫ 50 m. Hence, the blue band may arise partially or entirely from the contribution of matrix layer material, that is known to be highly defective ͑spectra of polished pieces of sample B724 in Fig. 1͒ , or from nanostructures with "branched" or "finlike" morphologies ͓e.g., The temperature dependencies from 3 to 100 K of PL spectra from the as-grown and dispersed pieces of sample B724, and the dispersed piece of B738, are shown in Figs. 3͑a͒-3͑c͒, respectively. Temperature dependencies of the NBE features ͑free and shallow-donor-bound exciton peaks͒ were discussed 8 in Part I of this study. In Fig. 3 , the intensity ratios of the y 1 to y 4 defect peaks to the broad "background" PL are seen to decrease with increasing temperature; the y peaks are mostly unobservable at T Ն 60 K and completely unobservable at T Ն 100 K. For B738 dispersed on sapphire ͓Fig. 3͑c͔͒, a broader peak at slightly higher energy than the y 3 Ј or y 3 Љ peaks occurs at the higher temperatures; this peak is ascribed to the free-exciton one-phonon replica ͑FE-1LO͒, which is expected to show a different temperature dependence than the y peaks.
The CL intensity was observed to decrease with increasing electron irradiation dose. ͑The CL spectra shown in Figs. 1 and 2 were acquired at short irradiation times, such that the TABLE I. Names, emission energies, and descriptions of sub-band-gap luminescence peaks in GaN nanowires ͑this study͒ and films ͑Ref. 9͒. Column 1: peak names and emission energies ͑or energy ranges͒, this study. Column 2: Names and emission energies, free or shallow-donor-bound exciton transitions in films ͑see NBE peak intensity was reduced by less than 25% from its initial value.͒ Electron irradiation effects on the CL spectra of selected samples are shown in Figs. 4 and 5. CL spectra acquired at different irradiation doses for the as-grown and dispersed on stainless-steel pieces of sample B724 are plotted in Figs. 4͑a͒ and 4͑b͒, respectively. ͑The irradiation dose is defined as the time-integrated incident energy density, in units of Joule/ cm 2 , measured from the onset of irradiation. The irradiation dose was not corrected for electron backscatter.͒ CL spectra acquired at different irradiation doses for the as-grown and dispersed on Si/Ti/Au pieces of sample B738 are plotted in Figs. 5͑a͒ and 5͑b͒, respectively. Each CL spectrum was acquired for a nonzero time interval, which corresponds to an irradiation dose range. For example, the lower spectrum in Fig. 4͑a͒ was acquired from 1200 to 1300 s, which corresponds to irradiation doses from 380 to 420 J / cm 2 . In Figs. 4 and 5, the sub-band-gap peaks are indicated by vertical arrows and labeled by name ͑phonon replicas FE-1LO-FE-3LO, and defect lines y 1 Ј to y 4 Ј͒ and peak energy. It can be seen that the y lines were quenched less strongly by the electron irradiation than the NBE peak or the phonon replica peaks. Thus, the intensity ratios of the y lines to other spectral features show an increase with increasing irradiation dose. This trend is especially pronounced for the y 1 Ј and y 2 Љ lines in the as-grown piece of sample B738 ͓Fig. 5͑a͔͒; for this sample, the y 2 Љ line becomes more intense than then NBE peak at high irradiation dose.
A thermal cycling experiment was performed to elucidate the mechanism for the electron irradiation quenching of the CL, as follows. First, a small cluster of nanowires within sample B738 dispersed on Si/Ti/Au was irradiated at T Ϸ 15 K, and CL spectra were acquired during the irradiation process, as shown in Fig. 5͑b͒ . Second, the sample was allowed to "rest" without electron exposure for several hours at T Ϸ 15 K, and the CL was then re-examined; no recovery of the CL intensity was observed at this point. Third, the sample was warmed to T Ϸ 297 K and allowed to rest for 44 h. Finally, the sample was again cooled to Ϸ15 K, and a new electron irradiation and CL acquisition sequence was started. ͑Secondary electron and CL imaging verified that the same cluster of nanowires was examined throughout the experiment.͒ The spectrally integrated CL intensity is plotted in Fig. 6 as a function of irradiation dose and thermal cycling, with the following parameters: voltage= 4.89 kV, current = 8.2 nA, beam raster area 2.8ϫ 10 3 m 2 , and thus timeaveraged excitation intensity of 1.4 W / cm 2 . The irradiation quenching of the CL is seen to be partly to completely reversed by cycling to room temperature. Further, the results suggest that the quenching effect saturates at high irradiation dose; i.e., the CL intensity appears to ap- FIG. 3 . Temperature dependence from 3 to 100 K of PL spectra: ͑a͒ B724, as-grown piece; ͑b͒ B724, dispersion on sapphire; ͑c͒ B738, dispersion on sapphire. The NBE peak at 3.472 eV ͑energy position at low temperature͒, y 1 to y 4 defect peaks, and free-exciton one-phonon replica ͑FE-1LO͒ peak ͑in B738 on sapphire͒ are labeled.
FIG. 4.
Dependence of low-temperature CL spectrum on electron irradiation dose ͑total incident energy density, measured from the onset of electron beam irradiation, in units of J / cm 2 ͒ for sample B724: ͑a͒ as-grown; ͑b͒ dispersed on stainless steel. Defect peaks are indicated by vertical arrows and labeled with the defect name ͑y 1 to y 7 ͒ and peak energy.
proach a steady-state value of Ϸ30% of the initial intensity. The apparent difference between the "before thermal cycling" ͑solid͒ and "after cycling" ͑dashed͒ curves may be due to unintended zero offsets of the irradiation dose scale ͑ x-axis in Fig. 6͒ . In other words, some electron irradiation probably occurred before the start of data acquisition ͑during the optical and electron beam alignment procedure͒, especially in the after cycling part of the experiment.
IV. DISCUSSION

A. Correlation of sub-band-gap peaks in GaN nanowires and films
Consider first the energies of the free-exciton phonon replicas. The FE-1LO peak occurs at slightly higher energy ͑3.390-3.393 eV͒ in the nanowires than the value of 3.387 eV usually reported 9 in the literature for GaN films. The FE-2LO peak energy in the nanowires is similar to the literature value of 3.295 eV; the FE-3LO peak has not been widely reported. The small blueshift of the FE-1LO peak in the nanowires, relative to the literature value, could be due to exciton band-filling effects ͑i.e., phonon coupling to free excitons with energies greater than the band minimum͒, or strong phonon coupling to B exciton states ͑note that the B exciton 14 lies 5 meV higher than the A exciton in unstrained, single-crystal GaN͒.
As shown in Table I , the energies of the y 1 Ј to y 4 Ј peaks in the nanowires are in good agreement with the energies of the corresponding Y defect luminescence lines 9, 15 in GaN films. Another similarity between the y lines in the nanowires and the Y lines in films is the relatively low temperature for thermally activated quenching; the y lines are mostly quenched when the temperature is increased to 60 K, and almost completely quenched by 100 K. Reshchikov 9 proposed a generalized model for the defects that give rise to the Y lines, with the basic assumption that each defect type consists of an exciton bound to a point defect or impurity, which is in turn trapped in the strain field of a bulk structural defect ͑e.g., dislocation, inversion domain boundary͒ or surface state. Within this model, the Y 2 and Y 4 lines were tentatively ascribed to exciton-point defect complexes trapped at surface states; Y 1 was tentatively ascribed to inversion domain boundaries in the bulk; a specific structural model was not proposed for Y 3 .
In Table I , it can be seen that the two-electron-satellite ͑TES͒ lines 16, 17 of the shallow donor-bound exciton ͑Fig. 7 of Ref. 16 , Fig. 2 of Ref. 17͒ occur in the same energy range as the y 1 Ј line in nanowires and Y 1 Ј in films. We suggest that the y 1 Ј line in the nanowires and Y 1 Ј in films have a common origin, and y 1 Ј does not arise from TES transitions, for the following reasons. First, the literature reports of wellresolved TES lines appear to be limited to thick, freestanding HVPE layers from one laboratory. 16, 17 Second, both y 1 Ј and y 2 Љ increase in relative intensity with electron irradiation in the as-grown piece of B738 ͓Fig. 5͑a͔͒, while the NBE peak ͑which is ascribed predominantly to shallow donor-bound excitons͒ decreases with electron irradiation. Finally, strong and well-resolved Y 1 Ј and Y 1 Љ lines 5 were reported in a previous study of low-temperature PL and CL spectra of MBEgrown GaN nanowires.
Oil contamination related lines at 3.36 and 3.31 eV have been reported in some studies of GaN samples, and sometimes misidentified as characteristic defect lines of GaN, as discussed in Ref. 9 . It is unlikely that the oil-related lines were observed in this study, for the following reasons: ͑a͒ care was taken to avoid procedures that might produce oil contamination of the samples ͑e.g., the CL-SEM vacuum system was based on oil-free ion, turbomolecular, and dia- phragm pumps͒; ͑b͒ the 3.36 eV oil-related line ͑when it occurs͒ is often the most intense spectral feature, whereas the y 4 peaks, at energies close to 3.36 eV, were among the weakest observed features in the nanowire spectra; ͑c͒ according to Ref. 9, the oil-related lines "have often been detected in undoped GaN where no ͓band-edge͔ emission typical for GaN was observed," whereas the NBE peak was the most intense feature in the low-temperature CL and PL spectra of the nanowires.
B. Electron-irradiation-induced CL quenching
Several mechanisms could in principle induce electron irradiation quenching of the CL, including: ͑i͒ contamination by carbonaceous material that is "baked on" by the electron beam; ͑ii͒ creation of fundamental point defects such as vacancies and interstitials ͑which might then act as nonradiative recombination centers͒; or ͑iii͒ charge injection and trapping ͑which might then enhance the nonradiative recombination͒. We suggest that mechanisms ͑i͒ and ͑ii͒ can be ruled out for the following reasons. Saturation of the quenching effect at Ϸ30% of the initial CL intensity appears inconsistent with both ͑i͒ and ͑ii͒ ͑either of these mechanisms would be likely to completely quench the CL with increasing "dose"͒. Reversibility of the quenching at room temperature also appears inconsistent with ͑i͒ and ͑ii͒. In addition, carbonaceous contamination would be expected to expected to induce similar CL quenching effects in other luminescent materials, but we have not observed strong CL quenching in materials other than GaN nanowires ͑in particular, electron irradiation causes the CL intensity to increase in some materials͒.
A charge injection and trapping mechanism appears to be most consistent with the experimental results. Buildup of trapped charge is expected to be self-limiting ͑because like charges repel͒, which may explain the saturation; further, thermally activated release of trapped charge may explain the reversibility on thermal cycling. Finally, the enhancement of the nonradiative recombination rate by the electric fields of trapped charges is likely to be larger for delocalized or weakly localized electronic states than strongly localized states; this effect may explain the observation that the free and shallow donor-bound exciton peaks are quenched more strongly than the y defect peaks.
Campo 18 et al. investigated the effect of electron irradiation on room-temperature CL of GaN structures fabricated by epitaxial lateral overgrowth metal-organic chemical vapor deposition ͑MOCVD͒. In Ref. 18 , the band-edge CL was reduced to 70% of its initial value after 400 s irradiation by a 20 keV, 35 nA electron beam, while the "yellow luminescence" at 500-700 nm was not reduced measurably by the irradiation. In addition, both energy-dispersive and wavelength-dispersive x-ray spectroscopy were used to search for carbon contamination of the electron-irradiated GaN surfaces; no carbon was detected by these techniques. Campo 18 et al. concluded that the CL quenching in their experiment was due to charge injection and trapping, as suggested in this study. Note that the vacuum system used in Ref. 18 is similar to the system in our CL setup.
C. Intensity ratios of defect luminescence peaks to near-band-edge peak
The defect-related peaks are generally lower in intensity than the NBE peak in low-temperature PL and CL spectra of the nanowires ͑Figs. 1, 2, 4, and 5͒. The only exception is the CL spectrum of the as-grown piece of sample B738 under high electron irradiation dose ͓Fig. 5͑a͔͒, in which the y 2 Љ peak is more intense than the NBE peak. The observation of low-intensity ratios of the y 1 Ј to y 4 Ј peaks ͑as well as the longer-wavelength "blue" and "yellow" bands͒ to the NBE peak is a qualitative indication of low defect density in the nanowires.
At low temperature, the NBE peak is ascribed primarily to excitons bound to neutral, shallow donors, as discussed 8 in Part I of this study. The donor concentration in nominally undoped GaN films, as determined by Hall effect or other electrical characterization methods, is typically 9 of the order 10 17 cm −3 . Thus, the low-intensity ratios of the defect peaks to the NBE peak in the nanowires appear consistent with underlying defect concentrations of less than 10 17 cm −3 . This conclusion is uncertain because of the imperfect correlation between the intensities of defect luminescence peaks and the underlying defect concentrations.
D. Comparison with previous luminescence studies of GaN nanowires
Other recent luminescence studies of GaN nanowires are briefly discussed here, classified according to the type of nanowire fabrication process. The first type of process is nitrogen-plasma-assisted MBE, as in this study. Calleja et al. 5 observed that the D 0 X A and X A lines were the dominant features in low-temperature PL ͑T Ϸ 4 K͒ and CL ͑T Ϸ 10 K͒ spectra of 60-150 nm diameter, MBE-grown GaN nanowires on Si͑111͒ and sapphire͑0001͒. In addition, strong defect-related lines reported in Ref. Park et al. 6 examined the temperature and excitation intensity dependence of the PL spectra of MBE-grown vertical nanowires on Si͑111͒, with diameter from 80 to 190 nm. PL spectra at T = 10 K were dominated by the D 0 X A line at 3.470-3.471 eV and X A at 3.476-3.478 eV, with a weak Y 2 ͑3.41-3.42 eV͒ peak. In a later study, Park et al. 21 examined the dependence of the PL on nanowire growth time and found the best optical properties, with a narrow D 0 X A line and absence of deeper defect-related lines, at intermediate times before the nanowires started to coalesce.
Densely packed hexagonal nanorods 7 with diameter of 40-100 mm and length of Ϸ14 m, were grown by MBE at the Air Force Research Laboratory ͑AFRL, Ohio͒ and characterized at the National Institute of Standards and Technology ͑NIST͒. The CL spectra ͑T Ϸ 15 K͒ of the nanorods showed a NBE peak at 3.468 eV, as well as several defectrelated peaks in the energy range from the band edge to 3.0 eV. The most intense of these defect peaks were a relatively broad peak at 3.436 eV ͑possibly arising from overlapping Y 1 and Y 2 lines͒ and narrower peaks at 3.200 and 3.218 eV ͑possibly arising from Y 7 Ј and Y 7 Љ͒.
Thillosen et al. 22 compared the optical properties of GaN nanowires fabricated by a bottom-up method ͓MBE growth of nanocolumns on Si͑111͒ under N-rich conditions͔ and nanowires fabricated by a top-down method ͓MBE growth of continuous films on Si͑111͒ under Ga-rich conditions, followed by selective reactive ion etching to create nanocolumns from the films͔. PL spectra ͑T =4 K͒ of single nanowires fabricated by either the top-down or bottom-up method were dominated by a D 0 X A line with peak energy of 3.473 eV, indicating virtually complete strain relaxation in both cases.
The second type of nanowire fabrication process considered here is MOVPE based, with selective etching or controlled growth of nanowires. Tiginyanu et al. 23 observed strong D 0 X A , X A , and B free-exciton ͑X B ͒ peaks in PL spectra ͑T =10 K͒ of GaN nanocolumns formed by photoelectrochemical etching of MOVPE-grown films. Diaz-Guerra et al. 24 observed the X A peak in CL spectra ͑T =90 K͒ of GaN nanocolumns formed by a similar photoelectrochemical process, although defect-related peaks in the 3.0-3.3 eV range were more intense than the X A peak in this study. D. Wang et al. 25 observed strong D 0 X A and X A emission in PL spectra ͑T =77 K͒ of GaN nanopillar arrays formed by plasma etching through self-organized pores in an anodic alumina etch mask. T. Wang et al. 26 observed a peak at 3.46 eV ͑358 nm͒ with FWHM of 0.024 eV ͑2.5 nm͒ in PL spectra ͑T =10 K͒ of a high-density GaN nanowire array formed by a multistep etching process through an InGaN layer ͑grown on top of the initial GaN layer͒ with self-organized holes. Hersee et al. 27 observed intense excitonic ͑3.41 eV͒ emission, as well as a weaker yellow band, in room temperature PL of a uniform GaN nanowire array fabricated by selective growth through a silicon nitride growth-mask layer.
The third type of nanowire fabrication process is growth by inorganic CVD or PVD, usually assisted by a metal catalyst, most commonly nickel. Low-temperature CL and PL spectra of GaN nanowires fabricated by this type of process generally showed more prominent defect-related peaks and less prominent excitonic ͑D 0 X A and X A ͒ peaks than spectra of nanowires fabricated by the other processes discussed above. In some studies, the low-temperature luminescence spectrum was completely dominated by defect peaks in the 2.75-3.25 eV range, with no spectral signature of the NBE ͑Ϸ3.46-3.48 eV͒ emission. Such defect-dominated luminescence was observed in GaN nanowires grown by substratefree CVD from Ga 2 O 3 powder 28 and flowing NH 3 ; by CVD on a Ni catalyst-coated Si substrate 29 from molten Ga ͑or molten Ga+ In͒ and flowing NH 3 ; and by thermal evaporation of GaN powder on Ni catalyst nanoparticles. 30 There have been some reports of NBE emission in GaN nanowires grown by nickel-catalyst-assisted methods have. Ha et al. observed 31 a broad peak at 3.48 eV ͑with FWHM of Ϸ0.08 eV͒ in PL ͑T =10 K͒ of thin nanowires, with diameter as small as 10 nm, grown by inorganic CVD from molten GaN and flowing NH 3 on a Ni͑NO 3 ͒ 2 -coated alumina substrate. Yoo et al. 32 observed a peak at 3.472 eV, as well as a stronger peak at 3.437 eV, in PL ͑T =10 K͒ of GaN nanowires grown on Ni-coated Al 2 O 3 substrates by low-pressure MOVPE; the 3.437 eV peak was tentatively ascribed to excitons bound to nickel-related deep acceptor centers. Oh et al. 33 examined the temperature dependence of the PL of GaN nanowires grown by inorganic ͑GaCl 3 +NH 3 ͒ CVD on nickel-coated sapphire substrates. Oh et al. 33 found that in their nanowires, at T = 10 K, the dominant component of the PL spectrum was a peak at 3.46 eV with FWHM of Ϸ0.035 eV, ascribed to excitons bound to unidentified acceptors; at T Ն 150 K, the dominant PL component was the free-exciton ͑X A ͒ peak ͑with the same energy as measured in high-quality bulk samples͒.
To summarize the literature results, the low-temperature luminescence spectra of undoped GaN nanowires fabricated by catalyst-free MBE or MOVPE ͑including both "bottom up" and "top down" methods͒ were observed to be dominated by free-exciton ͑X A ͒ and shallow-donor-bound exciton ͑D 0 X A ͒ emission. On the other hand, varying results have been obtained for the low-temperature luminescence spectra of GaN nanowires fabricated by nickel-catalyst-assisted CVD or PVD, with broad defect-related peaks and no exciton emission reported in some studies, 29, 30 and strong exciton emission reported in other studies.
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V. CONCLUSIONS
Radiative recombination processes in as-grown and dispersed GaN nanowire samples, grown by plasma-assisted, catalyst-free MBE, were studied by low-temperature PL ͑T =3 K to T = 100 K͒ and CL ͑T Ϸ 15 K͒ spectroscopy. In the 3.45-3.15 eV energy range, phonon replicas of the freeexciton ͑FE-1LO to FE-3LO͒ were observed, as well as defect peaks ͑denoted y 1 Ј to y 4 Ј͒ correlated with defect luminescence lines previously reported in GaN films 9 ͑denoted Y 1 Ј to Y 4 Ј͒. It has been suggested 9 that the Y lines arise from excitons bound to point defects or impurities, which are in turn localized near bulk structural defects or surface states. The intensity ratios of the y defect peaks to the NBE peak were consistently less than unity in the low-temperature PL and CL spectra of dispersed nanowires.
The CL intensity was partially quenched by extended electron irradiation at low temperature. The CL quenching appeared to saturate ͑with final CL intensity Ϸ30% of initial intensity͒ at high electron irradiation dose, and the quenching was reversed by thermal cycling to room temperature. The electron irradiation-induced quenching of the CL is ascribed to charge injection and trapping phenomena.
In other studies of the optical properties of GaN nanowires fabricated by catalyst-free MBE or MOVPE methods, the NBE peak has been found to be the most intense component of the low-temperature CL or PL spectrum. In studies of the optical properties of GaN nanowires grown by nickelcatalyst-assisted CVD or PVD, varying low-temperature luminescence results have been obtained, with broad defectrelated peaks ͑and no NBE peak͒ observed in some samples, and a strong NBE peak observed in other samples.
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